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Evidence from summation near threshold psychophysical experiments using compound Glass patterns is presented which supports the
existence of mechanisms in the human visual system tuned for coherence in radial and concentric, and +45 and 45 spiral orientations.
It is suggested that sensitivity to +45 and 45 logarithmic spirals serves to disambiguate the sense of spiral form, which would not be
uniquely speciﬁed by measures of the components of orientation along the radial and concentric directions alone. A spiral space is intro-
duced within which radial and concentric patterns are diametrically opposed on one axis and spirals of +45 and –45 on an orthogonal
axis and it is proposed that these represent cardinal axes for detecting global structure. Comparison of the sensitivity tuning functions of
the four mechanisms tuned to these axes with sensitivity to simple spiral Glass patterns shows that weighted combinations of output from
adjacent pairs of this set of mechanisms are suﬃcient to account for absolute sensitivity to logarithmic spiral Glass patterns of all inter-
mediate spiral angles. Control experiments demonstrate that the combinations are labeled for spiral sense (simple spirals of 22.5 spiral
angle can be discriminated from +22.5 spirals at threshold for detection) and that adaptation transfers across quadrants of spiral space
(adaptation to spirals of –22.5 results in a decrease in sensitivity to orthogonal +22.5 and –67.5 spirals). Together these observations
suggest that sensitivity to spirals in each of the quadrants of spiral space is due to higher order mechanisms reliant on output from 0,
90, +45 and –45 cardinal mechanisms.
Crown copyright  2007 Published by Elsevier Ltd. All rights reserved.
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Processing of form information in the human visual sys-
tem occurs in a pathway projecting to the infero-temporal
(IT) cortex (Goodale & Milner, 1992; Ungerleider & Mish-
kin, 1982). A recent fMRI study (Wilkinson, James, Wil-
son, Gati, Menon & Goodale, 2000) identiﬁed area V4,
an intermediate level of this pathway, as having a prefer-
ence for concentric or radial grating stimuli over simple
sinusoidal gratings modulated in one dimension. Global
integration of local radial and concentric orientation cues
has also been demonstrated psychophysically in Glass pat-
terns (Wilson & Wilkinson, 1998; Wilson, Wilkinson, &
Asaad, 1997). Glass patterns (Glass, 1969) were originally0042-6989/$ - see front matter Crown copyright  2007 Published by Elsevie
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david@psy.uwa.edu.au (D.R. Badcock).created by superposition of random dot patterns with geo-
metrically transformed copies of themselves. The transfor-
mation is implied by the orientation structure of the
pattern but the pairs of dots that provide the local orienta-
tions are not constrained in their position. Signiﬁcantly this
precludes ﬁltering by polar spatial ﬁlters as the mechanism
by which the structure of Glass patterns is perceived. Wil-
son et al. (Wilson & Wilkinson, 1998; Wilson et al., 1997)
modeled the mechanisms that support sensitivity to con-
centric and radial structure as two stage processes where
the second stages of each sum signal from appropriately
oriented linear spatial ﬁlters. Badcock, Cliﬀord, and Khuu
(2005) further revealed the analytical nature of the summa-
tion step, showing that local orientations deﬁned by lumi-
nance increment, luminance decrement and texture
(second order) are summed independently in parallel. A
two stage process is also supported by the results of Burr
and Ross (2006) who exploited the disruptive eﬀect ofr Ltd. All rights reserved.
Fig. 1. Four examples of stimuli used in these studies. All dot pairs in
these examples represent signal. The stimuli are overlaid with diagrams
illustrating their structure. White lines indicate reference orientations: the
local radius (a Glass angle of 0) in Example C, and a spiral with 45 spiral
angle opening in a clockwise sense (a Glass angle of 45) in Examples B
and D. The dark lines represent the structures present in the patterns.
Example A has a single logarithmic spiral structure oriented at a Glass
angle of 30 and is an example of the type of stimulus used to investigate
sensitivity to spiral structure in previous studies using Glass patterns.
Examples B, C and D have compound structures. Example B has its signal
divided into two populations representing spiral structure of the same
clockwise sense but at Glass angles of 30 and 60. Both of these spirals
have an opening angle of 15 to the 45 reference Glass angle. Examples
C and D represent the special cases where the orientations of the two
signal populations are orthogonal in polar space. In C the two populations
of dot pairs have an opening angle of 45 to the local radius and therefore
represent spirals with Glass angles of 45 and +45. The dot pairs of the
two signal populations of D are aligned with the polar axes. Letters on
Figs. 3 and 4 indicate these example conditions.
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& Olshausen, 2004). Structured Glass patterns composed
of opposite polarity dot pairs have been shown to be hard
to distinguish from wholly incoherent patterns (Badcock
et al., 2005; Dakin, 1997; Glass & Switkes, 1976; Prazdny,
1986). Burr and Ross (2006) showed that opposite polarity
dot pairs degrade structure when spatially coincident with
the Glass pattern structure and also when the two types
of dot pair are segregated into concentric annulae whose
widths are less than 1.6 of visual angle. The fact that the
anti-Glass pairs are not disruptive when the widths of the
annulae are greater than 1.6 supports previous conclu-
sions that the eﬀect of opposite polarity dot pairs is local,
in contrast to the incoherently oriented pairs of a Glass
pattern whose eﬀect is integrated globally (Dakin, 1997;
Wilson et al., 1997).
The analytical nature of the global summation of orien-
tation information raises the question of whether the axes
along which these two mechanisms provide measures of
coherence have particular signiﬁcance in polar form space.
Do they represent cardinal axes? Coherence at intermediate
orientations creates spiral patterns. Clearly a pair of mech-
anisms which provide global measures of coherence along
the radial and concentric axes are insuﬃcient to account
for the subjective ease with which one can discriminate
the sense of spiral structure (opening clockwise or anti-
clockwise) in spiral Glass patterns. Because the mecha-
nisms sensitive to concentric and radial structure measure
the components of orientation along locally orthogonal
radial and tangential directions alone and cannot specify
direction along the axes, no combination of these measures
can specify the sense of any intermediate spiral. Spirals of
the same pitch but opposite sense would induce identical
responses from the two mechanisms. This ambiguity in
the sense of spiral form could be resolved if the form sys-
tem included mechanisms speciﬁcally tuned to spiral struc-
ture of opposite senses. The motivation for this study was
the lack of conclusive evidence for or against such
mechanisms.
Spiral structure within Glass patterns is deﬁned by
coherence in orientation (at the Glass angle, see Example
A of Fig. 1) in polar space. The spiral form so described
is that of the logarithmic spiral which has the parametric
equation in polar space (r,h) of r = aebh, where a is a scale
factor and cot1b deﬁnes the Glass, or equivalently spiral,
angle in radians. The spiral becomes a circle for b = 0.
Positive values of b give spirals opening in an anti-clock-
wise direction and negative values spirals opening clock-
wise. Previous studies using spiral Glass patterns
(Badcock & Cliﬀord, 2006; Seu & Ferrera, 2001) have
shown substantially higher sensitivity to radial or concen-
tric structure than to patterns with intermediate spiral
angles, indicating that if mechanisms sensitive speciﬁcally
to spiral form exist they are of lower sensitivity than those
tuned to the radial or concentric axes. Badcock and Clif-
ford (2006) show that thresholds for detection of spiral
structure are not readily predicted by extrapolation of thesensitivity of mechanisms tuned to 0 and 90. A limitation
of these earlier investigations is that they were parametric
paradigm experiments (Graham, 1989) which used stimuli
with coherence in orientation at only one Glass angle, with
the angle varied across conditions. Such experiments do
not reveal individual orientation tuning functions of mech-
anisms but rather the envelope describing the sensitivity of
the most sensitive mechanism at each orientation. In an
attempt to reveal orientation tuning functions for individ-
ual mechanisms we used compound Glass patterns in sum-
mation near threshold paradigm experiments to examine
tuning for orientation centred on Glass angles of 0, 90,
+45, 45, +22.5 and 67.5. The compound patterns
were created by superimposing patterns with coherence in
orientation at two Glass angles opening symmetrically, in
opposite directions, relative to three reference orientations
(0, 45 and +22.5). This method diﬀers from the con-
ventional method in which one orientation is held constant
at the targeted orientation while a second orientation is
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population of signal dot pairs, in every condition, to con-
tribute equally to a mechanism tuned to the targeted orien-
tations (assuming a symmetrical tuning function). The
threshold number of signal dot pairs is then inversely
related to the mechanism sensitivity at a particular opening
angle.Fig. 2. A schematic representation of spiral form space illustrating the
coherent orientation content of the three sets of summation experiment2. Methods
2.1. Apparatus
Glass pattern stimuli were created using custom software in Mat-
Lab(5.3) and written via the frame buﬀer of a Cambridge Research Sys-
tems (CRS) VSG 2/4 graphics card mounted in a PC (Pentium II,
400 MHz) to a Hitachi Accuvue 4821 monitor situated in a dark room
(<1 cd/m2 ambient luminance on the screen). The stimuli were presented
on a square ﬁeld of 45 cd/m2 background luminance populated by
752 · 752 pixels. At the observing distance of 132 cm each pixel sub-
tended 1 0 of arc at the observer. Screen refresh rate in all instances
was 100 Hz. Luminance calibration was performed using a CRS OPTI-
CAL OP 200-E photometer (head model number 265) and associated
software.conditions. In the ﬁrst set of conditions the two signal populations of dot
pairs have a symmetrical opening angle a to the local radius (0 Glass
angle). The second set has an opening angle of b to a Glass angle of 45,
and the third an opening angle of c to a Glass angle of +22.5.2.2. Stimuli
The Glass patterns were composed of 50 pairs of Gaussian proﬁle
dots with a maximum Weber luminance contrast (Westheimer, 1985)
of 1 (see Fig. 1). The dots were 3.3 0 of arc in diameter at half maxi-
mum contrast and the centres of the dots of each pair were separated
by 18 0. Each of the dot pairs was randomly assigned a position on one
of the intersections of a Cartesian grid and constrained to be within an
annulus with inner and outer radii of 1 and 5.33 (see Fig. 1). Dot
pairs designated as signal pairs were divided into two equal populations
with each population oriented coherently at a particular Glass angle. In
three sets of conditions the dot pairs of the two signal populations had
symmetrical opening angles relative to three diﬀerent reference Glass
angles (Glass angles are marked in white on Fig. 1 and opening angles
in black): the reference was 0 (see Example C of Fig. 1) when targeting
the mechanisms tuned for radial (0 Glass angle) and concentric (90
Glass angle) structure, 45 (see Examples B and D of Fig. 1) when
targeting potential mechanisms tuned for spiral structure at Glass
angles of 45 and +45, and +22.5 when targeting mechanisms tuned
for spiral structure at Glass angles of +22.5 and –67.5. The composi-
tions of the three sets of conditions are illustrated schematically in
Fig. 2. Fig. 2 is a polar representation of spiral form space where each
orientation is represented once in the complete cycle. It is important to
note that the full cycle of polar form is described by rotation of the
local oriented elements through 180. This representation of spiral form
space is analogous to the double angle representation for Cartesian ori-
entation proposed by Cliﬀord (2002). In the representation of spiral
form space adopted here, radial and concentric orientations are diamet-
rically opposed, as are the 45 spirals of opposite sense and the spirals
of +22.5 and 67.5 Glass angle. The ﬁrst set of conditions has a
symmetrical opening angle relative to a Glass angle of 0. The preferred
orientations of the two mechanisms targeted by this set of conditions
are radial, at an opening angle of 0, and concentric, at an opening
angle of 90. The second set has an opening angle b to a Glass angle
of 45 and targets tuning for coherence in orientation at Glass angles
of 45 (for b = 0) and +45 (for b = 90), and the third has an open-
ing angle of c to a Glass angle of +22.5 targeting tuning around Glass
angles of +22.5 (for c = 0) and 67.5 (for c = 90). Orientations of
the dot pairs that were not included in the signal populations and
the orientations of dot pairs in the reference stimuli were distributed
homogeneously.2.3. Observers
Three observers participated in the experiment. JM and JB were naı¨ve
to the purposes of the experiments but had previously participated in
experiments using Glass patterns as stimuli and no further practice was
performed. ED is an author. All had normal or corrected to normal visual
acuity.2.4. Procedure
Observers were asked to indicate which of two patterns, presented in
intervals of 150 ms and separated by an inter-stimulus interval of
500 ms, contained a coherent orientation signal; the other interval con-
tained only incoherently oriented dot pairs. Auditory feedback was pro-
vided indicating a correct or incorrect response to each trial. Thresholds
were arrived at using an adaptive staircase procedure in conjunction with
the two-interval forced choice task. Staircases were run independently and
initiated at 100% signal so that the observers knew the type of structure in
the stimulus for each trial. The order in which the conditions were run
was, however, randomized. Prior to the ﬁrst incorrect response the number
of signal dot pairs in the trial stimulus was reduced upon each correct
response. Subsequently the number of signal dot pairs was increased for
each incorrect response and reduced upon each instance of three successive
trials yielding correct identiﬁcations. The staircase was terminated at the
eighth reversal in staircase direction and the mean of the last four reversals
adopted as threshold. This procedure converges on the signal level for
79.4% correct performance (Wetherill & Levitt, 1965). Step size of the
staircase was initialized at eight signal dipoles and reduced by half at each
of the ﬁrst three reversals to increase the speed of convergence on the
threshold (Badcock & Smith, 1989). Measures of thresholds for the detec-
tion of structure within the stimuli were made for the whole 90 range of
opening angles in 5 steps for the sets of conditions with 0 and –45 ref-
erence orientations and 7.5 steps for the set of conditions with +22.5 ref-
erence orientation. Five repetitions of the staircase were performed for
each condition to provide a measure of variability.
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Fig. 3 shows mean coherence thresholds and 95% conﬁ-
dence intervals, for three observers individually and also
the group, for the set of conditions with stimuli incorporat-
ing two populations of signal dot pairs with opening angles
symmetrical about the local radius (0 Glass angle) and
denoted a in Fig. 2. These conditions targeted previously
reported mechanisms sensitive to coherence in orientation
along the radial and concentric axes (Wilson & Wilkinson,
1998; Wilson et al., 1997).
In the conditions at 0 and 90 opening angles to the
local radius (Glass angle of 0) both signal populations
had a common Glass angle of 0 (radial) and 90 (concen-
tric), respectively. The dot pairs of the two signal popula-
tions in the condition marked at a 45 opening angle to
the local radius had orthogonal local orientations with
Glass angles of +45 and 45 (see Example C of
Fig. 1). Across the range of conditions thresholds are well
described by a cosine function of four times the opening
angle to the local radius, for all observers and the group
(see ﬁtted long-dashed lines in Fig. 3). A v2 goodness of
ﬁt test on the group data showed that the ﬁtted cosine func-
tion could not be rejected as a description of the threshold
data (v2(18) = 3.37, p < 0.005).
Potential mechanisms sensitive to coherence in orienta-
tion at +45 and 45 were targeted by the second set ofFig. 3. Coherence thresholds for the perception of structure in the set of co
orientation are shown. Thresholds, the percentage of signal dot pairs from the t
the conditions at 0 and 90 opening angle where the two signal populations h
and 90 Glass angles, respectively). The data are well described by a cosine fun
(Example C of Fig. 1), where the orientations of the two signal populations ar
coherence. Error bars represent 95% conﬁdence intervals. The combined data ofconditions. This pair of mechanisms would provide the
ability to discriminate between the two senses of spiral
pitch. Fig. 4 presents, for each observer and the group,
mean coherence thresholds and 95% conﬁdence intervals
for conditions with stimuli where the signal populations
have opening angles symmetrical about a 45 reference
Glass angle (denoted b on Fig. 2).
In this case opening angles of 0 and 90 to the reference
Glass angle correspond to conditions with coherent orien-
tation structure at single Glass angles of –45 and +45,
respectively. Discontinuities in the trend in thresholds, at
approximately 30 and 60 opening angle, bracket the con-
dition where the orientations of the two signal populations
are radial and concentric (at a 45 opening angle in this
condition). For this and adjacent conditions observers
reported perception of radial or concentric structure, con-
sequently an eﬀort was made to relate these data to the tun-
ing previously revealed for the mechanisms tuned to radial
and concentric orientations. The long-dashed lines in the
graphs of Fig. 4 are predicted thresholds for perception
of radial or concentric structure derived from the ﬁts to
the data of Fig. 3. These predicted thresholds are double
the observed thresholds of Fig. 3 (the function has twice
the amplitude and baseline of the cosine function ﬁtted to
the data of Fig. 3) to compensate for the fact that only
one of the two signal populations will be expected to con-
tribute to the response of each mechanism, as the tuning isnditions that used the local radius (Glass angle of 0) as the reference
otal population of 50 necessary for structure to be perceived, are lowest for
ave coincident orientations aligned with the radial and concentric axes (0
ction of four times the opening angle. The condition at 45 opening angle
e orthogonal in polar space, has the highest threshold, approaching 100%
the three observers (JB, JM and ED) is presented in the graph marked All.
Fig. 4. Coherence thresholds for the perception of structure in the set of conditions that used a 45 spiral opening clockwise (a Glass angle of 45) as a
reference are shown. Thresholds are lowest for the conditions at opening angles of 0, 45 and 90. In the conditions at 0 and 90 opening angle the two
signal populations have coincident orientations with Glass angles of 45 and +45, respectively. The signal populations for the condition at 45 opening
angle have orientations aligned with the polar axes (Example D of Fig. 1). Threshold sensitivity for the conditions with opening angles in the range 35 to
55 can be attributed to the mechanisms tuned to the polar axes (long-dashed line). The data excluding this range, where threshold sensitivity can be
attributed to spiral detectors, were again well ﬁt by a cosine function of four times the opening angle (short-dashed line).
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mechanisms independent. The fact that this prediction ﬁts
the data precludes opponency between the radial and con-
centric mechanisms and argues against the existence of
mechanisms of comparable sensitivity with preferred orien-
tations immediately adjacent to these axes. Thresholds for
conditions outside of the range 35–55 opening angle can
be attributed to mechanisms tuned for coherence in spiral
orientation and, indeed, observers reported seeing spirals
in these cases. The short-dashed line is a ﬁt of a cosine
function, again at four times the opening angle, to these
remaining data. Phase has been allowed to vary in this case,
as there is some inter-observer variability apparent. The
preferred orientations of the two mechanisms tuned for
spiral structure are, however, consistent with being orthog-
onal for each observer, suggesting adaptive orthogonaliza-
tion of the mechanisms (Barlow & Foldiak, 1989). A v2
goodness of ﬁt test on the group data, comparing the data
with the threshold predicted by the most sensitive mecha-
nism for each condition (the lowest-dashed line), showed
that the two ﬁtted functions could not be rejected as pro-
viding an adequate description of the whole range of
thresholds (v2(18) = 1.85, p < 0.005).
The third set of conditions tested tuning for coherence in
orientation at +22.5 and 67.5. The signal populations
of the conditions of this set had orientations that opened
symmetrically about a Glass angle of +22.5 (denoted cin Fig. 2). Fig. 5 shows mean thresholds and 95% conﬁ-
dence intervals for each opening angle tested. Two observ-
ers were tested in this set of conditions.
The data exhibit a broader tuning for Glass angles of
+22.5 and –67.5 than for +45,  45, 0 and 90. A
cosine function can be rejected as an adequate ﬁt to these
data (JB: v2 (12) = 24.06, p > 0.95; ED: v2 (12) = 22.91,
p > 0.95 for the best ﬁtting cosine function) and peaks can-
not be identiﬁed that might be attributed to discrete mech-
anisms. However, it is evident that when the two signal
populations have orientations within the same quadrant
of spiral space threshold is low and ﬂat, but as they move
into opposite quadrants of spiral space threshold increases
steeply. A model that accounts for these observations and
reliably predicts sensitivity to all angles of simple spirals
is introduced below.
4. Modeling
The tuning for coherence in orientation evident in the
thresholds for detection of compound Glass patterns cen-
tred around Glass angles of 0, 90, +45 and 45 is well
described, in each case, by a cosine function of four times
the symmetrical opening angle to those Glass angles. The
tuning of the radial and concentric mechanisms is also evi-
dent in the threshold data of the second set of conditions,
with symmetrical opening angles to a –45 spiral, in condi-
Fig. 5. Coherence thresholds for the perception of structure in the set of conditions that used a Glass angle of +22.5 as a reference are shown. A simple
cosine function could not be ﬁtted to these data.
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onal. Thresholds for these particular conditions can be pre-
dicted by assuming that detection is due solely to one or the
other of the radial or concentric mechanisms. This demon-
strates that the radial and concentric mechanisms are inde-
pendent and also strongly suggests that these mechanisms
are not part of a continuum of similarly tuned mechanisms.
The data are consistent with the proposal that Glass angles
of 0, 90, +45 and 45 represent cardinal axes in polar
form perception and that independent cardinal mecha-
nisms exist that are tuned for coincidence in orientation
along these axes. A set of four mechanisms, sensitive to
radial, concentric, and two opposite senses of spirals, is
the minimum necessary to specify spirals of all angles.
However, the third set of conditions with symmetrical
opening angles to a spiral angle of +22.5 shows that
thresholds for spirals of +22.5 and 67.5 are lower than
would be predicted by any of the proposed cardinal mech-
anisms in isolation. Therefore, for the set of four mecha-
nisms to be considered cardinal additional, higher order,
mechanisms must exist which take their input from the car-
dinal mechanisms, are able to predict sensitivity to simple,
single angle, Glass patterns over the full range of spiral
angles and are labeled for spiral sense.
Fig. 6 compares measured sensitivity (the reciprocal of
coherence threshold percentage) of the four mechanisms
tuned to the cardinal axes derived in the current study with
parametric paradigm (single angle) sensitivity data from
this and previous studies in the same spiral form space
introduced in Fig. 2. The sensitivity functions shown (long-
and short-dashed lines) are derived from the functions ﬁt-
ted to the combined summation paradigm data of the three
observers shown in Figs. 3 (All) and 4 (All), respectively.
The phase of the function ﬁtted to the spiral data has
been shifted slightly such that the maxima in the sensitivity
function are exactly at +45 and 45. The phases of the
functions ﬁtted to the data of the individual observers var-
ied around this phase and there is no reason to expect devi-
ations from these preferred axes on average.
In Fig. 6a sensitivity functions measured in the summa-
tion experiments are compared with data from the single
angle experiments of Seu and Ferrera (2001), Badcockand Cliﬀord (2006) and observer ED of this study. The
data used from Seu and Ferrera (2001) were the means of
three of the four observers tested over the whole range of
Glass angles. The fourth observer was not included in the
comparison to the model as his sensitivity remained rela-
tively constant over the whole range of Glass angles and
was therefore atypical. Black circles represent the Seu
and Ferrera (2001) data. From Badcock and Cliﬀord
(2006) the data (red triangles) were the means of 13 naı¨ve
observers tested over the full range of anti-clockwise open-
ing spirals (Glass angles of 0–90). The error bars for these
two data sets show the 95% conﬁdence interval in sensitiv-
ity across observers for each spiral angle. The measured
sensitivities for observer ED (blue squares) were obtained
using the same experimental procedure as used earlier in
this study but employing stimuli with coherence at a single
Glass angle (see Example A of Fig. 1) in each condition, for
Glass angles in the range 90 to 0. Error bars for this
observer represent the 95% conﬁdence interval in the reci-
procal of the mean of ﬁve staircases. It is evident in
Fig. 6a that sensitivity to coherence in orientation at spiral
angles midway between the proposed cardinal axes is
greater than that predicted by either of the mechanisms
tuned to coherence in orientation along these axes alone
(the data points fall above the dashed lines which describe
the sensitivities of the mechanisms). However, Fig. 6a also
illustrates that a weighted sum of the sensitivities of adja-
cent mechanisms is suﬃcient to account for sensitivity at
all intermediate angles. The long-dashed blue line indicates
the product of the sensitivity of the mechanism tuned to the
radial axis with the cosine of twice the opening angle to
+22.5. The short-dashed blue line similarly is the product
of the sensitivity of the mechanism tuned to +45 with the
same function. The solid blue line is a linear summation of
the two weighted sensitivity tuning functions. Fig. 6b incor-
porates three further predictions of sensitivity (denoted by
red and blue solid lines), due to similar summation within
the other three pairs of adjacent cardinal mechanisms, for
comparison with the single angle data.
In order to demonstrate that the mechanisms responsi-
ble for detection of structure in Glass patterns with angles
between the cardinal axes are labeled for spiral pitch, and
Fig. 6. A comparison of measured parametric paradigm sensitivities
(reciprocal of coherence threshold percentage) across the whole range of
Glass angles with sensitivities derived from ﬁts to the coherence thresholds
obtained in the summation near threshold paradigm experiments of this
study and attributed to mechanisms tuned to coherence in orientation at
Glass angles of 0, 90 (long-dashed black line) and +45 and 45 (short-
dashed black line). The polar plots represent the spiral space introduced in
Fig. 2. In (a) the blue dashed lines are the sensitivities of the mechanisms
denoted by the black dashed lines but weighted by the cosine of twice the
opening angle to a Glass angle of +22.5. The solid blue line is a linear
summation of these weighted sensitivities and illustrates predicted
sensitivity to spiral angles intermediate between the Glass angles of 0
and +45. (b) illustrates predicted sensitivities (alternately red and blue
solid lines) in the other three quadrants for comparison with the single
angle data. Predictions for quadrants containing Glass angles of +22.5
and 67.5 are blue and predictions for those containing Glass angles of
22.5 and +67.5 are red. Black circles represent data from Seu and
Ferrera (2001), red triangles data from Badcock and Cliﬀord (2006) and
blue squares single angle data collected by observer ED in this study.
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for this enhanced sensitivity at intermediate orientations,
a control experiment was performed comparing coherence
thresholds for detection and discrimination of patterns
with Glass angles midway between the supposed cardinal
orientations. Thresholds were measured at Glass angles
of +22.5 and 22.5 using the method of constant stimuli
in conjunction with a two by two-interval forced choice
task. The observer was ﬁrst required to identify a Glass
pattern containing signal from an unstructured reference
stimulus and then report the sense (opening clockwise or
anti-clockwise) of spiral perceived. The two conditions
(+22.5 and –22.5) were interleaved. Observers ED and
JB participated. In each run each psychometric function
was sampled at nine signal levels with 20 responses col-
lected per sample for both detection of structure and dis-
crimination of sense of spiral. Each observer performed
three runs. The data were ﬁt by the Quick function (Quick,
1974) yielding measures of the threshold and slope of the
psychometric function. The mean, with 95% conﬁdence
intervals, of the six measures of threshold for detection
and discrimination were calculated for each observer. A
paired t-test of the means showed they were consistent with
being equal for each observer (JB: Threshold for detec-
tion = 24.2 ± 2.2; and discrimination = 26.2 ± 6.3:
t(5) = 0.6404, p > 0.05 (mean and 95% CI of the diﬀerences
is 2.0 ± 8.2). ED: Threshold for detection = 31.0 ± 5.4
and discrimination = 31.4 ± 3.5: t(5) = 0.1204, p > 0.05
(0.4 ± 8.2)). These results demonstrate that when a spiral
is detectible its sense can be identiﬁed. This would not be
true if sensitivity were due to probability summation
between two adjacent mechanisms, one of which being
the mechanism tuned to the radial direction, as this radial
mechanism would be independently responsible for a pro-
portion of the instances of detection but would aﬀord no
ability to discriminate between spiral sense. Threshold for
discrimination would, therefore, be higher than the thresh-
old for detection (Watson & Robson, 1981). As illustrated
in Fig. 6 sensitivity to either of these two patterns is consis-
tent with the summation of responses from the two cardi-
nal mechanisms adjacent to each pattern’s angle.
However we have now shown that the two patterns can
be discriminated despite that fact that at their threshold
for detection the signal in the two adjacent cardinal mech-
anisms is below threshold if each is considered indepen-
dently. We propose the existence of higher order
mechanisms that take as their input the output from adja-
cent pairs of cardinal mechanisms. The sensitivity of such
mechanisms may be constrained to the quadrant of spiral
space contained by the pertinent pair of cardinal axes using
a weighting of the input based on the ratio of input signal
strengths. In our model we weight the inputs by the cosine
of twice the opening angle to the Glass angle midway
between each pair of cardinal axes.
Although the predictions illustrated in Fig. 6b describe
sensitivities between the proposed cardinal axes well, this
does not directly demonstrate that these sensitivities are
Fig. 7. The black squares show sensitivities derived from the set of
summation paradigm conditions with a symmetrical opening angle to a
Glass angle of +22.5. These data are compared with data from an
experiment where the observers were adapted to 100% coherent Glass
patterns with Glass angles of +22.5 (blue arrow) and 22.5 (red arrow).
The test patterns were single angle Glass patterns with Glass angles of
+22.5 and 67.5 (opening angles of 0 and 90 to the reference Glass
angle of +22.5). Data points are colour matched to the arrows indicating
the Glass angles of the adapting stimuli. Signiﬁcantly adapting to patterns
of 22.5 Glass angle (red arrow) reduces sensitivity to patterns with
Glass angles of +22.5 (red triangles).
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sensitive directly to coherence in orientation at their pre-
ferred orientation, it does however show that they are
not necessary. A further control experiment was performed
to explicitly demonstrate that the mechanisms centred on
+22.5 and 67.5 receive input from the mechanisms
tuned to the proposed cardinal axes. Orientation coherence
thresholds for single Glass angles of +22.5 and 67.5
were determined using the same staircase procedure as pre-
viously used but incorporating a 5 s adapting stimulus
prior to each trial (30 s of adaptation was presented prior
to the ﬁrst trial). Two conditions of adapting stimuli were
used with Glass angles of either +22.5 or –22.5. The
adapting patterns were 100% coherent in orientation. Dur-
ing adaptation the observers were instructed to ﬁxate on
the centre of the stimulus.
The premise behind this experiment is that the tuning of
the mechanisms revealed in this study (Figs. 3 and 4) is suf-
ﬁciently narrow that adapting to a polar structure at 45 to
the test structure would produce a negligible eﬀect (such
orientations are orthogonal in the double angle spiral space
adopted in this study). Fig. 7 shows sensitivities for these
adapted control conditions along with those for the sum-
mation data from the third set of conditions with an open-
ing angle c to a reference Glass angle of +22.5. Data for
observers JB and ED are presented on separate polar rep-
resentations of spiral space (data points are reﬂected on the
minor diagonal). The dashed lines are the sensitivity func-
tions for the individual observers which were derived from
ﬁts to the combined threshold data of the three observers
displayed in Figs. 3 and 4. The black squares describe the
tuning for coherence in orientation about Glass angles of
+22.5 and 67.5 and are the reciprocal of the coherence
thresholds presented for the two observers in Fig. 5. The
coloured arrows indicate the orientations of the adapting
stimuli and are colour matched to the data points that
describe sensitivity post-adaptation (adaptation to +22.5
spirals in red and –22.5 spirals in blue). Sensitivity to spi-
rals with a Glass angle of +22.5 is substantially dimin-
ished by adaptation to spirals of +22.5 while sensitivity
to spirals of 67.5 is not (the 95% conﬁdence intervals
overlap baseline). Sensitivity to spirals of +22.5 Glass
angle is also reduced by exposure to adapting spirals of –
22.5. Angles of +22.5 and –22.5 are orthogonal in the
spiral space illustrated and so we interpret the eﬀect as
being due to a desensitizing of the mechanism tuned for
coherence in radial orientation as this mechanism would
be sensitive to spirals with Glass angles of +22.5 and
22.5. Sensitivity to spirals with a Glass angle of –67.5
is not diminished to the same extent despite the fact that
mechanism sensitivities are similar at 22.5. It has been
shown, however, that the functions describing sensitivity
to adaptation, know as action spectra in the context of spa-
tial frequency channels, can be markedly narrower than
sensitivity tuning functions for detection (Swift & Smith,
1982). A consequence of this result for this experiment is
that threshold for adaptation will be achieved over a muchnarrower range of orientations for the lower sensitivity
spiral mechanism than for the radial mechanism. It appears
that the adapting orientation is close to threshold for adap-
tation for the –45 mechanism and therefore the sensitivity
of the 67.5 higher order mechanism is little altered. This
control experiment, then, provides evidence that sensitivity
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posed cardinal axes is due to summation of output from
adjacent cardinal axes rather than being due to a much lar-
ger number of mechanisms directly tuned for coherence in
local orientation. This conclusion is also supported by the
adequacy of the two-function ﬁt to the data in Fig 4. Addi-
tional narrow channels would be expected to cause devia-
tions from the ﬁtted lines, unless they coincidentally had
the same pattern of sensitivity variation across opening
angle.
5. Conclusions
The data presented are consistent with the conclusion
that at an intermediate level of the system responsible for
processing of form information in the human visual system
observers are sensitive to coherence in orientation along
four cardinal axes in the polar coordinate system at detec-
tion threshold. Tuning for coherence in orientation along
the radial (0) and concentric (90) axes (Wilson & Wilkin-
son, 1998; Wilson et al., 1997) was conﬁrmed using a sum-
mation near threshold paradigm that has not previously
been applied to spiral Glass patterns. These two measures
alone however are inadequate to specify the sense of spirals
but the existence of measures of coherence in orientation
along two further axes, +45 and 45, which could fulﬁll
this role, was also revealed. This leads to a proposal of a
spiral form space within which two pairs of mechanisms,
with preferred Glass angles of 0 and 90, and +45 and
45, are orthogonal. Sensitivity at threshold for angles
between each pair of adjacent cardinal axes is due to a
higher order mechanism that takes the output of the pair
as its input and is labeled for the quadrant of spiral space
between these two cardinal mechanisms. The proposal here
is similar to what is found in colour vision where early
mechanisms are conﬁned to a limited number of opponent
process channels but cortical processes are thought to com-
bine the outputs of these channels to create selectivity for
other directions in colour space (with the distinction that
the pairs of channels on the orthogonal axes are not oppo-
nent but independent).
The cosine functions ﬁtted to the coherence threshold
data of the summation experiments imply a width of the
threshold tuning function at half maximum of 45 for
the mechanisms tuned to the cardinal axes. It would be
desirable to compare these values with physiological data
but it is not currently appropriate to do so because neuro-
physiological studies using spiral form such as Gallant,
Braun, and Van Essen (1993) and Gallant, Connor, Rak-
shit, Lewis, and Van Essen (1996) have used arithmetic
spiral stimuli (r = a + bh). The rate of change of r with h
is constant for arithmetic spirals therefore they contain a
range of local orientations, from radial at the centre and
becoming progressively more concentric until constrained
by the maximum radius of the pattern. Thus, even though
human V4 has been shown to be functionally homologous
to Macaque V4 (Gallant, Shoup, & Mazer, 2000) no directcomparison can be drawn. Further neurophysiological
studies using logarithmic spiral gratings might reveal tun-
ing functions comparable to our psychophysical data.
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